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© Measurement of electroactlve species in solution. 

© |n croer to improve the sensitivity of electro- 
chemical assays based on an electrochemical sys* 
tern capaoie of generating a current, wnere the sys- 
tem comprises as components an enzyme, a sub* 
strate. ana a mediator, with the meaiator meaiatmg 
transfer cf electrons between the eniyme and an 
electrode while the enzyme is catalysing a reaction 
of the suostrate, the mediator ts indirectly linked with 
the electrode by a compound capable of accumulat- 
ing electncal charge for measurement after a delay 
period. 
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Description 

MEASUREMENT OF ELECTRQACTlVE SPECES IN SOLUTION 



Backorouna of the Invention 
5 This invention rentes to assay techniques, and more especially to the measurement in solution, for instance 

either in a volume of liquid or in a moist environment upon a surface, of an eiectroactive species caoacle of 

transferring charge to or from an electrode. 
There is a growing interest In the develooment of novel assay techniaues which avoid the use of 

radioisotope labels. In particular, electrocnemica! methods nave oeen recognised as providing a versatile 
iq cetection system for use in an increasing number of assay formats. Sucn assays include amperometric 

measurement of solution eiectroactive soecies. 
The oresent invention Is particularly concerned with the measurement of very low concentrations of solution 

eiectroactive species, where the flux of electrons to or from an electroae surface is too low with normal 

sxperimentat tecnniques to generate a measurable current over and above any background electrochemistry. 
*5 More particularly, the present invention relates to methods ana equipment. Involving measurement of 

eiectroactive species for detection, measurement or monitoring of components in complex mixtures, such as 

specific substrates within the mixture, specific enzymes, or components having a specific binding reaction 

such as an antibody-antigen reaction or such as the reaction of a DNA probe or the like with its target nucleic 

acid sequence. 

20 The published European Patent Specification EP78636 (European Application No.82.305597) describes an 
assay methoa for a substrate of an enzyme. The assay is based on the direct electrochemical measurement of 
an enzyme-catalysed redox reaction utilising a mediator compound to transfer charge to or from an electrode 
n contact with the reaction. The reader is now referred to the EP78636. which is incorporated herein by 

-eference. 

25 By way of example, EP78636 explains the use of such mediator-linked measurements to detect glucose in 
whole blood. To achieve this eno. a suitable system comprising a mediator and a glucose-catalysing enzyme 
(for example glucose oxidase or glucose dehydrogenase) are located on the surface of an electrode. The 
electrode is contacted with the whole blood, and the system reacts specifically with the glucose of that blood, 
giving rise to a current related to the glucose concentration, As mentioned In EP78638, a particularly suitable 

30 type of mediator is. for instance, a metallocene compound which has electronic propertied rendering it capaole 
of transferring an electron in a facile manner between the redox enzyme reaction and the electrode. Important 
examples of such metallocene compounds include ferrocene and various substituted ferrocene derivatives. 

Subsequently, its waa realized that the technology described in EP78636 might also be used to detect the 
presence or amount of an enzyme. In such a use, a ferrocene or other mediator Is used with an excess amount 

35 of substrate In a wet or dry system to which an assay specimen can be added. The assay specimen will react 
with the system and generate a current only if a suitable substrate-reacting enzyme is present in the specimen. 
The system can be further elaborated to deal with a chain of enzyme reactions. 

Typical examples of further electrochemical assay procedures and assay equipment are to be found In 
published EP127958 (European Application 84,303091), EP125887 (84.303085) EP125136 (84.303086) and 

40 EP125137 (84.303087). and the reader is now referred to these texts which are incorporated herein by 
reference. 

At the heart of all these assays is the use of a mediator to transfer charge while the enzyme Is catalysing a 
reaction of the substrate, and the detection of the consequential current which flows. Illustratively for an 
enzyme as in the glucose assay in EP78638, the assays rely fundamentally on the following cyclical sequences: 

4$ 




In this illustration the suffixes "Ox" and "Re" respectively indicate the oxidised and reduced forms of the 
60 substrate, enzyme or mediator, and V indicates an electron. It will be appreciated that the species- 
•substrateox' is more usually referred to as the product. 

The net effect of the sequence is the continuing transfer of electrons to the electrode which la detected as a 
flowing current. The magnitude of the flowing current provides a quantitative measure for the assay. In this 
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'esoect. the reader is referred to Examples 7, 8 and 12 of EP78636, ana the corresponding Figure* 3 6 ana 7 
wnich show the linear correlation oetween flowing current and glucose concentration. 
Essentially, wnen a steady state enzyme reaction is mediated Py a suitable amount of medtator. then a 
ent 15 obtalnoa An important further development of the basic system is to be found In EP1 25139 
(B4.303090j. The EP125139 deacnPes the perturbation of the steady state system by effective variations in the 
amount of enzyme, substrate, mediator, or possibly electrode area. Such pertubations are brougnt about by a 
specific binding reaction, such as an antibody-antigen reaction or such as the reaction of a DNA (or tike) probe 
with its target sequence. In this way, the EP125139 provides an electrocnemlcal assay for a specific binding 
* ©action. • 

Jn a preferred aspect, the EP125139 la concerned with an improvement In an Immunoassay of the kind in 
wwcn binding of an antigen to an antibody is assayed by detection of a laoel. The improvement consists in the 
steps OT* 

providing an electrochemical system capable of generating a current, the system comprising aa components 
™ eP *y™' • su J )8,r t t f 800 • »w*tor. with the mediator mediating transfer of electrons between the enzyme 
and an electrode while the enzyme is catalyaing a reaction of the substrate- 
employing one of the components as the label; and 
detecting the specific binding as an alteration in the electrical current. 

A typical and useful example of this improved Immunoassay involves aettlng up a system containing the 
enzyme and substrate in a measurement system containing the necessary working electrode and anw 
S nc ! er coun * e ' •'•«rode. There is also present in the system e supply of mediator which Is conjugated 
chemically as a label to an antigen which is in turn linked by a specific binding reaction to an antlbooYThls 
further supply of conjugated mediator Is unavailable for electrochemical use in mediation for as long as J 
remains linked with the large molecular antigen-antibody complex. Such a total system can be used tor 
detection or assay of the antigen. 

If a specimen containing the antigen is added to the system, some of the antigen will disolace the *s 
mediator-labelled antigen. The displaced supply of mediator is then In a form conjugated only with the relatively 

f««!f!?? en m °' eCUle ' and rt Ca " 9X " t it8 ™ diatin fl effect - ™* d'*Pl«ced medlator-labelled antigen can then 
transfer electrons between the enzyme and the electrode, thus producing a flowing currsnt proportioned the 
amount of free antigen in the specimen. r»ni P r<w,nioneiioine 

Objects of the Present Invention 30 

The present invention is concerned with increasing the sensitivity of the various electrochemical assay 

systems described above. A specific object is an increase In the sensitivity of the systems Involving epecifle 

binding reactions, whereby very low amounts of the electroactlve species (the mediator) can be detected 

for example, the concentration range of many common therapeutic drugs and clinically significant analvtea 33 

, l!l e .i !lr T?i ar f r l0wer refllon - A Dart,cul « ob l ect °' invention is a new assay method which 
enables detection In the low nanomolar concentration range. 

Summary of the present invention 

In accordance with the preeent Invention, the mediator Is indirectly linked with the electrode bv a material 40 
capable of accumulating electrical charge for measurement after a delay period. 

in a general sense, the invention embraces Improvements in the Inventions of the European Patents cited 
above, where instead of direct mediation by the mediator between the redox enzyme and the electrode to give 
rise to a flowing current, the charge is accumulated on a compound which acta as a charge accumulator 

rf..r?«« !«.7^ri."!! tem - a aecond radox »P« cie » « « 0P«" circuits as a reagent to accumulate charge* 48 
during an incubation penod from a first redox species acting as mediator. After acting upon the redox enzyme 
T^L m 2° T [a r9 -° xldi<w or reduced by the second redox spscies. The primary mediator thus 
cycles between the second redox species and the redox enzyme/substrate system, generating a pootS 
, r !~ 0 ^°^ OXtd,Md " econd radox ■*•«•«• Thi » P°°' "»y then be electrochemicslly measursd after a fixed 
time The charge resulting from this step is thus the product of many primary mediator cyclea. thus attowtno so 

^ im^Tmw™* m9diat ° r t0 be ™ Mured M 1 curr8nt • potemia ' or charfle « and thu * a,lo * in o w«yS " 

The electrode can be Interrogated after the fixed incubation time. For instance, such interrogation can be 
effeoted potentiometrically or gslvanostatically. and In either caae the electrode returned to Its original 
potential with Integration of the resulting current-time transient. The charge accumulated by the electrode and 35 
meaeured by the integration is proportions) to ths concentration of first redox spscies mediating the transfar, 
of electrons between the electrode end the enzyme. ™a« B ng »ne trensrer 

Preferred E mbodiments of the Present Invention 

mJSH^SL "l*" 0 ^ ^ D ! amp,0 * ad - ineludTng for instance displacement or competitive procedures. The eo 

TSSH T ! parfomwd aa ■ hstarogenous or a homogenous assay. The assay la readily 
applicable to all kinds of analvtea. Including drugs, hormones, vltamina, food additives, etc. 

JmSSTSL !LS! § . t .!^ 0t *t ,hr0uah routiM ******* be from 10 seconds 

i?«r rt,B ; Z L yp,Ct,ly 6 t0 50 m,nutM and m °« tyPiwKy 10 to 20 minutes. 
The nature of the substrate and redox enzyme are not critical, and can be chosen for instance from the 65 
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examples of suitable substrate/enzyme pairings given in the Eurooean Patent Specifications mentioned 
aoove. By way of Illustration, the suoatrate/enzyme pairing la preferaoiy cnosen from glucose/glucose 
oxidase: hydrogen peroxide/horse radian peroxidase; or other suitaoie wen <nown pairings. 
jiTne nature of the mediator is also not critical, ana can oe chosen for instance from the examples of suitable 
rfediators given tn the European Patent Specifications mentioned aoove. By way of illustration, the mediator is 
ggerebiy chosen from organic mediators, including ferrocene compounas; phenazines; carboranes; 
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h«t«r^ ™ * • - — „ -'.nv^auwn, an J then the assay of this invention will 

5 «£E fl < ™ e . 9econd r * dox «P«ciea is preferably immobilized at the working electrode. Specific 
examples of redox-actiye electrode surface-modifications that can be tried include Prussian blue (J Phys 
Chem P983) 87, 105), copper hexacyanoferrate (III) (J Eleowchfim Soc (1983) 130, 396), nickel 
hexacyanoferrate (III) (J Electroanal Chem (1982) 137, 157), jugj| M 

' : '^^:^ d Q hto^as ayca irti ^ ele c tro d es (Polym ScjTj$7 6) u, 2433^^S ftSS ^^^^ ^^^^^^ 

- —say method for detecting redox-active species at the 
nomotar concentration level, the method usee an electrode with the second redox species (the charge 
eumulator) Immobilized on the electrode. The electrode is left at open circuit aa a charge-accumulating 
vice which, after potentiometric Interrogation, is returned potentiostaticaily to its original potential. The 
arge passed in so doing is then equal to that acquired by the redox-modlffea electrode during the incubation 
hnod. This charge value is directly proportional to the concentration of redox-active mediator in the solution. 
!n a oarticulahy preferred arrangement, ail the components are on the electrode, allowing a dry strip assay 
similar to those described in EP1 27958. The dry strip electrode is preferably a carrier screen-printed with the 
active materials. 

Schematically, and without being bound by theory, the present Invention can be regarded as illustrated by 
the following scheme: 
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substrate ReN ^ ^ ^ enzyme^ /mediator^ ^redox^ 






substrata/ N enzyme Rg ' x mediator^ x ^2rt rata^ 



The charge accumulates on the second redox species. This charge accumulation occurs with continuing 
45 cycling of the mediator between oxidised and reduced forms aa the enzyme catalyses oxidation of the 
substrate. 

It Is appropriate to note that In the present invention, the first redox species continues to act as a mediator 
during accumulation of charge on the second redox species. Thus, the mediator Is continuously cycling 
between oxidized and reduced forme, as electrons are transferred between the redox species. No complex is 

50 formed between the redox species, and there is no similarity of the present invention with the assay of 
EP155135, where a charge-transfer complex is formed. 

A protocol for a homogenous assay comprises admixing the substrate, first redox reagent, second redox 
reagent, and enzyme; poising the working electrode; incubating the system on open circuit; re-ooisina the 
working electrode; and monitoring the ourrent. . 

55 In one preferred aspect, the Invention consists In a method for detecting, measuring or monitoring the 
presence or amount of an electrochemical^ available mediator compound In a liquid medium, by contact with a 
redox enzyme acting upon a suitable substrate and thua providing charge for transfer by the mediator to or 
from an electrode of an electrical detection or measurement aystem: in wnich a second redox species, 
non-meolator to the enzyme, and present in large excess over the mediator, is also in contact with the 

eo electrode; and In which measurement of electrical charge, tranaferred from the mediator to the second redox 
species as the enzyme/substrate reaction proceeds, Is made after a time interval aufficient to permit 
measurement of an accumulation of such charge and thus measurement of low levels of electrically available 
mediator activity. 1 

Schematically, such an Immunoassay can be illustrated by the following scheme: 

55 
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^g- mediator^ 
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-mediator^ 
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% Ab:Ag 



AbiAg-mwJiahjr^ 
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2nd redox 



Ox 



2nd redox Re 



concentration of active redox medial tSiJ 2SJ5f ^J 0 " ,ime ' Wi " b * in dlr9ct Proportion to the aolut on 
fixed quantity present I \i itmSS I ? '° r ' 9 ,he red0 *- ,flt »'>e<» drug conjugate, of which there ?a 

•Ab.Ag-medletor", it is no longer able to mediate 2222?^ C0 "J«B«*« « bound to antibody, forming 
electrode surface. Therefore the 7m£ ^SSlTZi^ ^ ° XidHS9 ,0 ,he radox" modified 
redox-labelled anaiyte there win b^Sffe "mZZ? '?J 3 PrMent ,n the 30,ut,on »» more 
accumulated by the redox-modffled e^ the m ™ charge there will be 

then measured alectrochemlcaily by returning the dSJKTK at ! d dur ' na a incubation time can be 
current passed In so doing The me«wd TliiL e ' ectrod " *° *• original start potential and integrating the 
glucose oxidase by "Soo^^^ taking piece: (i, oxidation 0 9 f reSuced 

the redox-modifled electrode ln^I2S«2^i^&.! nd ( i! ° X,dat, ° n ° f g,UCOSe ox,da " d, ™« ' by 

~ rd» one or mo, of the enzyme, 

system. Such an electrode may bVm.de ur nil T!L ?.t *" ,mmuno ' 0 g i oai or nucleic acid probe 

bound to its antibody. In ^^t^^^^S^^T^ * 1m «^^ «5! 
electrode, as part of a suitable rneewrtogWa»m kESL * * nd ,h « secono " ^clox species. Such an 
Applications, can be used to detect*. mJI^^ZT dMCr,b0d in European Patent 

liberates the hncmn^VM^mSm Jhtt fl^l^T C ° mpetea ,0r ,he antibod ^ and « doing 
desired, the electrode systems c« ta ' 0W con «ntratione. S 
wet assay using different protocol* ° C ° m!un 0f,ly 80me ot the s P* ciM »o as to permit 

JJ. invention v.,, be further deecnp.d w,th reference to the fo.low.ng Example, and accompanying 

Summan/ of the Drawjno j 

^uniiiiMlibfitiQfl curve obtained in Example 2(11) 

Figure 3 la a calibration curve obtained In Example K 
Examples of the Invention 

Mvinga'w^ temperature in a two compartment glass cel. 

electrode In addition to the 5mm dESdSS S^l^ 0 ™ 0 *"" * 1 c,T,a plBt,num 9«™ counter 
e/ectrode (SCE) wMueedinaa^^vK V !°*' nfl ••»««*•• A «.turated calomel reference 

potentiostat. murtimeter, end c^EJSI w\r7S«d ^ compartment via a Luggln caplHary A 
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assays were oerformed under oxygen-free argon. The charge accumulated curing an assay was obtained aa 
:ne digital integral of the current-time transient resulting when tne eiectroae was scanned linearly with time (10 
mV s- < I back to me start potential of + 600mV: all potentials are with respect to a sranaard calomel electrode, 
SCE\ The transient data were acquired using a aigrtal multimeter interfaced to a microcomputer. 

5 

Exampte 1 

700 ul of TRIS buffer (0.1M. pH 7.14) containing ferncyamde (Fe»i(CN) 1 mMol dm-3) and glucose 
ISOmMol dm -3) was piaced in the sample side of the standard three-electrode electrochemical ceil. To this 
system the requirea amount of ferrocene derivative was aoded (Ei/j < +200 mV), Cataiaae (2500 U) and 
10 glucose oxidase (2000 U glucose oxidase, "GOD", EC. 1.1.3.4 from Aspergillus niger. RMM 186,000) were 
then added. The solution was left In contact with a oyrolytic graphite working electrode on open circuit for 1 
minute. The eleotroae was then poised at -i-400mV and the i/t transient was recoraed. The current at 10 
seconds was taken and a dose-response plot constructed. A linear response was obtained. 

?5 Example 2 



Strocnemic ayi y Pr eci pitated Poly(vnnviferrocene): an Assay for Theophylline 

" 1 ^^^nl»ssentiaily according to the method of Smith et aL (Polym Sci 

emlcalty precipitated onto 0.2 cm* glassy carbon disc electrodes 
20 from non-aqueous solutions of 10-*M PVF In dichloromethane containing 0.1 M tetre-n-butyl ammonium 
perchiorate (J Am Chem Soc (1978). 100. 3222). The deposition potential was typically + 700mV and the 
immersion time 2 minutes. Upon removal of an electrode from the dichloromethane solution it was shaken to 
remove excess solution, sonicated in buffer (20mM potassium phosphate, pH 6.93 plus 0.1 M sodium 
perchiorate) is order to remove any loosely held material, and then cycled linearly with time at a rate of 20mV 
s- 1 between -150 and -rSSOmV in buffer until a steady voltammogram was obtained. All modified electrodes 
we re t xi m unrrrl fo r a minimum of 1? hnur in htiffnr at rnnm temperature before being used. 



OH 




The antibody was anti-tbeophylline serum (Travenol anti-theo H113), and theophylline waa the antigen. 
Standard ferrocene-theophylllne conjugate solutions were prepared by dilution of a imM ethanol stock 
solution with buffer. 

€0 

(l) For blank runs containing no mediator conjugate or antibody: 

To 500 ni of 20mM potassium phosphate/0.1 M sodium perchiorate buffer, pH 6.9, waa added 50 (il of 
glucose solution O.30M) followed by 80 jri of GOO solution (1.881mM). After thorough mixing, a PVF modified 
glassy carbon electrode was added to the cell, end potentioetatted at +800mV. At t - 0 minute, the cell waa 
€$ disconnected. After 10 minutes at open circuit the poised potential waa meaeured, the electrode 
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'e-ootentlostatted at this ootenfi»i «„~ «... 

current-time transient. Fro* itwTSS^JSSrS t0 1,8 on * n& ' potent,a ' <+600mV, , 0 aive ft 
coated. These dlan* runs ^e^o^ 

"^TObrt^iKT ~*»" *« no ant, b od y : 

solution ( 1.30M) «na SO u <?Q^C?3!5S SfS ' 4 ' 228 X ,0,,0wed * 50 ul of glucose 

and then inoreasmg volumes of mlStSC^ 1 2?? n ' nfl 65 " M ' e ™«™-theophylllne eoniuoat. 

containing just gigeot#«nrf nil i^.^ll^ T' in *°P«yMina or a mixture of both ta *t fl nH«~i ^ J . lfl€ 

The results In Figure 2 were uaa* »« .. taM > * *, ««ndtrd 
theophyHine. w UMfl t0 . the essay oonditlona reared for the detection ^ 

(lv) Run* containing flxad amount. k~*k 

^^I? M ?!: 08n,,,,u,d M(n A 7R enf,0r0U9hm ' X,n9 - ^^ofant.theophji.rne.rru^: 
Addition of non*labe«ad thaonht/iiin * ~ 

curve as Illustrated In Figure 3 ^..T r««^*V 2 d the °PhV«ine ft was possible to obtain th. c -?2«,i« 
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cnarge for 10 minutes. After mis time the Dotential of the electrode was meaaureo on the nigh impedance 
voltmeter. The electroae was tnen poised to tnis measureo potential ano sweot linearly with time back to + 400 
mV. The current-voltage transient was measured and the charge removed from the electrode coat was 
evaluated by integration of the area of the transient. A linear doae-responee curve was agam obtained. 

Example 4 

Printed Prussian Blue/Carbon on a Strip 
Prussian blue was mixed with a carbon ink at 50 mg/g paste. This was then printed as the working electrode 

10 on a two-electrode strip as described In EP127958. Glucose oxidase (100 U) was placed on the surface of the 
working electrode, and the sample ferrocene in TRIS buffer (pH 7.2, 100 mMol dm- 3 glucose 0.15 M NaCI) was 
added. After 5 minutes the electrode was poised to + 350 mV va Ag/ AgCI, and the current-time transient was 
recorded. The dose-response curve was linear. 
The assay system as described herein is not only generally applicable for use with redox-labelled conjugates 

75 which shuttle charge from the enzyme to the second redox species but it can also be used "In reverse 1 , For 
instance, a fully-reduced PVF-modified electrode could be used to reduce an enzyme system such as horse 
radish peroxidase plus hydrogen peroxide via the intermediacy of the redox-labelled conjugate. 



20 

Claims 

1. An electrochemical assay baaed on an electrochemical system capable of generating a current, 
potential or charge, the system comprising as components an enzyme, a substrate, and a mediator, with 

25 the mediator mediating transfer of electrons between the enzyme and an electrode while the enzyme is 

catalysing a reaction of the substrate, wherein the mediator is indirectly linked with the electrode by a 
compound capable of accumulating electrical charge for measurement after a delay period. 

2. The assay of claim 1 , wherein said electrical charge is accumulated during an Incubation period, and 
said electrode Is then interrogated. 

30 3. The assay of claim 2, wherein for said interrogation, said electrode is returned potentlostatically or 

galvanostatlcally to its original potential with Integration in either case of the resulting current-time 
transient. 

4. The assay of claim 1. which is a heterogenous assay and said charge accumulator compound la 
immobilized at said electrode. 
3S 5, The assay of claim 1 , which is a homogenous assay comprising admixing said substrate, a first redox 

reagent as saJd mediator, a second redox reagent as said charge accumulator compound, and said 
enzyme: poising said electrode; incubating the system on open circuit; re-poising said electrode; and 
monitoring the current. 
8. The assay of claim 1 which is an immunoassay. 
40 7. The assay of claim 8, where said mediator is a label on an antigen. 

8. A dry strip electrode for use in the assay of claim 7 and comprising the enzyme, substrate, 
mediator-labelled antigen, charge accumulator compound, and antibody. 

9. In an assay of the kind which Involvee providing an electrochemical system capable of generating a 
current, the system comprising as components an enzyme, a substrate, and a mediator, with the mediator 

45 mediating transfer of electrons between the enzyme and an efeotrode while the enzyme Is catalysing a 

reaction of the substrate; the improvement which consists of the steps of providing a charge accumulator 
compound to accumulate a deficit or surfeit of said electrons during an incubation period, and 
subsequently monitoring the current represented by said deficit or surfeit. 
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